-Extracorporeal membrane oxygenation (ECMO) provides mechanical circulatory support for infants and children with postoperative cardiopulmonary failure. Nutritional support is mandatory during ECMO although specific actions for substrates on the heart have not been delineated. Prior work shows that enhancing pyruvate oxidation promotes successful weaning from ECMO. Accordingly, we tested the hypothesis that prolonged systemic pyruvate supplementation activates pyruvate oxidation in an immature swine model in vivo. Twelve male mixed-breed Yorkshire piglets (age 30 -49 days) received systemic infusion of either normal saline (group C) or pyruvate (group P) during the final 6 h of 8 h of ECMO. Over the final hour, piglets received [2-
EXTRACORPOREAL MEMBRANE OXYGENATION (ECMO) has been widely used in infants and children with life-threatening cardiopulmonary failure as both cardiac and respiratory support systems (16) . Veno-arterial ECMO, especially, is frequently used as short-term extracorporeal life support for postoperative cardiopulmonary failure. However, unless adequate endogenous cardiac output and respiratory function ensue, patients are not able to be weaned from ECMO, and prolonged ECMO support can lead to higher morbidity and mortality (16, 46) . Thus ongoing research is attempting to identify nutritional supplements, which can improve recovery and prevent maladaptive cardiac remodeling. These potential supplements could enhance eventual weaning from mechanical circulation. Our prior work shows that successful adaptation and weaning after ECMO requires some metabolic flexibility (22) . In particular, although ECMO independently promotes fatty acid oxidation (23) , cardiac function after additional insult, such as ischemia reperfusion, can be improved by promoting oxidative flux through pyruvate dehydrogenase (11) .
Pyruvate serves as an important branch point of substrate metabolism ( Fig. 1) . However, the role of pyruvate as a metabolic substrate and possible nutritional supplement during ECMO, particularly in immature myocardium, still requires further elucidation. Lactate through its dehydrogenase reaction provides a primary source for pyruvate to the heart in situ and is provided frequently in clinical scenarios. Pyruvate is not specifically available clinically but can be produced from lactate oxidation via this reaction. Cytosolic pyruvate can participate in multiple reactions including transamination to alanine. In the mitochondria, pyruvate enters the citric acid cycle (CAC) either as acetyl-CoA via decarboxylation by the pyruvate dehydrogenase complex or by carboxylation (anaplerosis) via malic enzyme or pyruvate carboxylase.
We previously examined pyruvate dehydrogenase (PDH) flux using lactate as the primary pyruvate source during ECMO (23) . 13 C-labeled lactate and free fatty acids were supplied over a 1-h period in either physiological or highly elevated doses but with similarly distributed coronary artery concentrations in separate experiments. This study showed that PDH flux relative to total free fatty acid flux did not change according to substrate concentration. Under those conditions, total anaplerosis was not influenced by substrate concentration, but we did not directly evaluate pyruvate carboxylation (PC). Both PDH and PC flux can influence oxidation of amino acids, as well as their entry into their own anaplerotic pathways and/or protein synthesis. Thus supplementation with specific substrates, such as pyruvate, might alter carbon contributions through these pathways. Effects on amino acid metabolism could alter protein synthesis or nutrient signaling with wide-ranging influence on myocardial remodeling during ventricular unloading by ECMO.
Although relationships between PC and decarboxylation have been closely evaluated in porcine heart in situ, virtually all these prior experimental models have involved only brief pyruvate infusion with some degree of ischemia with or without reperfusion (40) or normal (41) and high cardiac output work states (49) . In the present study, we specifically examined the role of prolonged systemic pyruvate supplementation in modifying several metabolic parameters during the unique conditions of ventricular unloading provided by ECMO without prior cardiac ischemia/reperfusion injury. We investigated pyruvate entry into the CAC, as well as leucine oxidation and protein synthesis. Finally, we determined the role of pyruvate in modifying metabolic signaling and nutrient sensing under these unique physiological conditions, specifically the AMPactivated protein kinase (AMPK) pathway and the hexosamine biosynthesis pathway (HBP).
MATERIALS AND METHODS
All experimental procedures were approved by the Seattle Children's Research Institute Animal Care and Use Committee and adhered to both the American Physiological Society Guiding Principles in the Care and Use of Animals and the National Institute of Health Guide for the Care and Use of Laboratory Animals.
Animal Models
The surgical preparation followed our methods described previously (22, 38, 42) . We used 12 immature mixed-breed Yorkshire male piglets (body wt 8.4 -16.3 kg, age 30 -49 days) in this study. Animals were initially sedated with an intramuscular injection of ketamine (33 mg/kg) and xylazine (2 mg/kg). After intubation through surgical tracheostomy, the piglets were mechanically ventilated with oxygen (40 -50%) and inhaled isoflurane (1-2%) mixture.
After median sternotomy, a flow probe was placed around the ascending aorta to measure cardiac output (TS420; Transonic Systems, Ithaca, NY). A 5-Fr high-fidelity micromanometer (Millar Instruments, Houston, TX) was used to measure left ventricular (LV) pressure. A cannula with an inflatable balloon cuff was placed into the coronary sinus via the right atrium, and the blood was returned to superior vena cava by shunt loop. A Transonic flow probe was placed around this shunt for continuous coronary venous return flow (CSF) (ml/min) monitoring. The hemiazygous vein, which drains systemic venous blood to the coronary sinus in swine, was ligated to avoid systemic contamination of the coronary venous blood. In all animals, we inserted a 24-G BD Saf-T-Infusion catheter (BD Biosciences, Franklin Lakes, NJ) into the left anterior descending artery in retrograde fashion starting just distal to the first major branch for intracoronary infusions. Myocardium was inspected to ascertain that there was no blanching indicative of ischemia distal to catheter insertion. A PowerLab 16/30 recorder (AD Instruments, Colorado Springs, CO) continuously recorded data in all cases.
The ECMO circuit consisted of the following: a roller peristaltic pump console (Sarn8000; Terumo, Tokyo, Japan) and a hollow fiber membrane oxygenator (CX-RX05RW; Terumo). The circuit was primed with dextran 40 in 0.9% sodium chloride, 5% dextrose, and 2,000 U heparin. The total prime volume was around 80 ml. A veno-arterial ECMO was established by central cannulation via the ascending aorta and right atrium. Anticoagulation was achieved with 120 U/kg of heparin as a bolus followed by continuous intravenous infusion of heparin. Management during ECMO kept pump flow rates of 80 -100 ml·kg Ϫ1 ·min Ϫ1 . We maintained a pH of 7.35 to 7.45, an arterial PCO2 of 35-45 mmHg, and a rectal temperature of 36.0 -37.5°C. ECMO duration time was 8 h.
Protocols
Animals were divided into two groups, 8 h-ECMO alone (group C) and ECMO with pyruvate supplement (group P) (Fig. 2) . Chemicals and 13 C-labeled substrates were purchased from Sigma-Aldrich (St. Louis, MO). Group P received a continuous intravenous infusion of sodium pyruvate (11 mg·kg Ϫ1 ·min Ϫ1 ) during the final 6 h of the ECMO protocol (Fig. 2) . Group C received an equivalent intravenous infusion of 0.9% sodium chloride.
[ 13 C6, 15 N]-L-leucine (3.7 mM), as an indicator of protein synthesis and amino acid oxidation, was infused into coronary artery with [2-13 C]-pyruvate (7.4 mM) as an alternate substrate for the final 60 min of the protocol as previously described (22, 42) . The LV portions perfused by the 13 C-labeled substrates were quickly freeze clamped and stored at Ϫ80°C for later extraction.
Metabolic Analyses
Preparation of myocardial extracts was performed with either methanol/chloroform or 1.2 M perchloric acid and neutralized with cold KOH to pH 7.4, as described previously (42) .
Gas chromatography and mass spectrometry. Gas chromatography and mass spectrometry (GC-MS) was performed to measure the absolute concentrations and 13 C enrichment of leucine, pyruvate, lactate, and CAC intermediates (citrate, ␣-ketoglutarate, succinate, fumarate, and malate) in LV myocardial tissue samples, as previously described (19, 42, 43) . Protein fractional synthesis rates (FSRs) were calculated using the methods of Jaleel et al. (19 Nuclear magnetic resonance. Metabolic analyses by 13 C-nuclear magnetic resonance (NMR) were performed on the swine heart as described previously for determination of specific carbon glutamate labeling (7) . NMR spectra were acquired on a Varian Direct Drive (VNMRS) 600-MHz spectrometer (Varian, Palo Alto, CA) equipped with VNMRJ 3.2 on a Dell Precision T3500 workstation. Final spectra were obtained using a 45°excitation pulse (7.05 s at 58 dB), with an acquisition time of 1.3 s, a recycle delay of 3.0 s, and a spectral width of 224.1 parts per million (ppm). All of the labeled carbon resonances of glutamate were analyzed by using the Lorentzian peak-fitting subroutine in the acquisition program (NUTS) and CAC analysisfitting algorithm tcaCALC (kindly provided by the Advanced Imaging Research Center at the University of Texas, Southwestern). This allowed determination of relative fractional contribution (Fc) to glutamate labeling via acetyl-CoA between leucine and pyruvate, as well as the unlabeled substrate contribution.
1 H-NMR was also performed on LV extracts using the Varian system to determine myocardial concentration of energy metabolites and amino acids, as previously described (23, 42) . A standard onedimensional proton NOESY with presaturation (TNNOESY) was collected on each sample with the following parameters: a nonselective 90°excitation pulse (ϳ7 s at 53 dB), a mixing time of 100 ms, acquisition time of 4 s, a recycle delay of 1 s, a sweep width of 12 ppm, and temperature control set to 25°C. Collected spectra were analyzed using Chenomx software version 7.6 (Chenomx, Edmonton, Alberta, Canada).
Flux ratios. Assessment of anaplerotic flux relative to oxidative flux was determined as described by Olson et al. (39) . Oxidative flux, the pathway in which pyruvate enters the CAC via acetyl-CoA, is called pyruvate decarboxylation (PDC). Conversion of acetyl-CoA to citrate (CIT) by CIT synthase (CS) is the first step in the CAC. PDC flux rate relative to CS was assessed by the following formula: PDC/CS ϭ (total MPE of CIT Ϫ total MPE of malate)/M1 of intracellular pyruvate, where MPE is the molar percent enrichment.
This ratio represents flux through PDC leading to CIT arising from all tissue pyruvate sources. Anaplerotic flux via PC as assessed using NMR peak areas for individual glutamate carbons as previously described (39) is as follows: PC/(PC ϩ PDC) ϭ (C2 ϩ C3)/(C2 ϩ C3 ϩ C5).
Glycogen Assay
Samples were processed as detailed in the Glycogen Assay Kit manual (no. 700480; Cayman Chemical, Ann Arbor, MI). Pulverized LV tissue was homogenized in diluted assay buffer containing phosphatase and protein inhibitors (no. 78443; Life Technologies, Grand Island, NY), with the following steps as described in the manual.
Blood Analysis
Arterial and venous blood samples were collected at multiple time points: first, at baseline (before initiation of ECMO); second, 2 h into the ECMO protocol but before the supplemental pyruvate infusion; third, 7 h into the ECMO protocol but before infusion of C 13 -labeled substrates; and fourth, after completion of the labeled infusion. The samples were immediately centrifuged, and the plasma was stored at Ϫ80°C. Blood pH, PCO 2, PO2, and hemoglobin were measured at regular intervals by a Radiometer ABL 800 (Radiometer America, Westlake, OH). Plasma from the 2-and 7-h time points were used for the following assays: plasma pyruvate levels were measured using the Pyruvate Assay Kit (no. 700470; Cayman Chemical,), and plasma free fatty acid levels were measured using the Free Fatty Acid Fluorometric Assay Kit (no. 700310; Cayman Chemical). Calculation for free fatty acid uptake ϭ CSF ϫ [arteriocoronary sinus concentration difference (M/min)].
Western Blotting
Thirty micrograms of total protein extract from pig tissue were resolved using 10% SDS-PAGE and electroblotted onto PVDF membranes. Standard Western blotting protocols were followed. Horseradish peroxidase secondary antibodies were used and visualized with enhanced chemiluminescence upon exposure to Kodak BioMax Light ML-1 film. Membranes were stripped by washing them 2 ϫ 15 min with 100 mM DTT, 2% (wt/vol) SDS, and 62.5 mM Tris·HCl, pH 6.7, at 70°C, followed by three 10-min washes with TBS.
The primary antibodies used in this study were serine/threonine protein kinase (AKT)1 (sc-1618) from Santa Cruz Biotechnology (Santa Cruz, CA), phospho-AKT (Ser 473, no. 9271S), PDH (no. 2784S), phospho-AMPK (Thr172, no. 2535S), AMPK (5831S), phospho-acetyl CoA carboxylase (ACC) (Ser 79, no. 3661S), ACC (no. 3676S), phospho-mammalian target of rapamycin (mTOR) (Ser 2488, no. 5536S), mTOR (no. 2983S) from Cell Signaling Technologies (Danvers, MA), phospho-PDH (ABS204) from EMD Millipore (Billerica, MA), and O-GlcNAc (ab2739) from Abcam (Cambridge, MA). Efficiency of protein transfer to PVDF membrane was determined using Pierce Reversible Protein Stain Kit for PVDF Membranes (no. 24585) (Thermo Scientific, Rockford, IL). Densitometry analyses were performed using Image J (48) and Quantity One (Bio-Rad, Hercules, CA). All Western blots were performed in duplicate.
Statistical Analysis
Statistical analyses were performed using Student's t-tests between groups. Criterion for significance was P Ͻ 0.05 for all comparisons. Error bars in figures, text, and tables indicate SE. Table 1 shows the parameters of cardiac function measured at baseline and at the endpoint in each group. ECMO showed significantly reduced LV end-diastolic pressure compared with baseline (P Ͻ 0.05). Additionally, ECMO reduces aortic mean and pulse pressure, illustrating the effect of ventricular unloading. At the end point, hemoglobin and mean systemic blood pressure and LV end-diastolic pressure were similar among each of the two groups, indicating similar levels of ventricular unloading. Heart rate was increased in group P although this was not associated with an increase in myocardial oxygen consumption (Table 2) .
RESULTS

Cardiac Function
Serum Pyruvate Levels
Serum pyruvate levels were determined to confirm that the infusion of unlabeled sodium pyruvate was resulting in an increase in circulating pyruvate levels (Fig. 3) . Group P shows a significant increase in serum pyruvate levels at 4 h postinitiation of pyruvate treatment compared with no difference in pyruvate levels for similar time points in group C.
CAC Intermediates
The long-term pyruvate infusion increased intracellular pyruvate and lactate pools (Fig. 4) . The absolute concentrations of all the CAC intermediates examined were all significantly elevated in group P compared with group C.
1 H-NMR confirmed the increased levels of myocardial lactate in group P compared with group C, as well as increases in alanine and glucose (Fig. 5) , implying an increased pyruvate flux through lactate dehydrogenase and alanine transaminase.
PDC/CS and PC/PDC Flux Ratio
Data from GC-MS and NMR as noted in MATERIALS AND METHODS were used to estimate PDC/CIT and the anaplerotic PC pathway [PC/(PC ϩ PDC)], respectively. No significant difference was observed between group C and group P for pyruvate oxidation (Fig. 6A) ; however, a significant increase in anaplerotic flux via PC was observed (Fig. 6B) . These results suggest the CAC intermediate increases are not due to pyruvate oxidation by the PDC pathway but rather via PC.
Fractional Contributions of Acetyl-CoA to the CAC
13 C-NMR data assessed the fractional contributions of acetyl-CoA to the CAC for the individual labeled substrates (pyruvate and leucine) and the unlabeled substrates (Fig. 7) . The principal purpose of these fractional contribution analyses was to determine whether systemic pyruvate infusion altered amino acid (leucine oxidation) relative to total citric acid flux. Accordingly, we observed no significant change between groups during ECMO to the fractional contribution from 13 Clabeled leucine (Fc-leucine). The Fc-pyruvate and Fc-unlabeled substrate showed a significant decrease and increase, respectively. However, this observed significant effect was probably due to dilution of the pyruvate pool from the unlabeled pyruvate provided during the extended infusion. Therefore, we did not use these data to interpret pyruvate fluxes.
Intracellular Free Leucine MPE and Global Protein FSR
No significant change was observed between group P and group C for FSR (Fig. 8A) . However, the intracellular free leucine MPE as determined by GC-MS was significantly increased in group P (Fig. 8B) . Interestingly, a previous study in Values are means Ϯ SE; n ϭ 5. Hour 2 reflects duration of ECMO, just before initiation of pyruvate infusion. CSF, coronary sinus flow; (a-cs), arterio-coronary sinus substrate difference; FFA, free fatty acids; MVO2, myocardial oxygen consumption rate. *P Ͻ 0.01. our laboratory showed that pyruvate reduced the FSRs (42), suggesting that extended pyruvate infusion abrogated this short-term pyruvate effect.
Glycogen Stores and Free Fatty Acid Uptake
Glycogen stores were similar between the two groups, suggesting that the increased supply of pyruvate to the heart does not alter net glycogenolysis (Fig. 9) . In contrast, we noted that systemic pyruvate infusion increased nonesterified fatty acid uptake over baseline (ECMO before pyruvate) ( Table 2) . Thus these data imply that fatty acids may represent a portion of the increased fractional contribution from unlabeled substrates with pyruvate infusion. Note that a change in myocardial oxygen consumption (MV O 2 ) did not occur concurrent with the increase in free fatty acid uptake.
Protein Expression
Five proteins known to be directly or indirectly involved in cellular energetics were analyzed (Fig. 10) . AMPK, AKT, PDH, ACC, and mTOR. AMPK, a major regulator of cardiac energy substrate use, showed a twofold increase in phosphorylation at position Thr-172 in group P vs. group C (P Ͻ 0.01). ACC, which catalyzes the carboxylation of acetyl-CoA to malonyl-CoA, the rate-limiting step in fatty acid synthesis, is phosphorylated at Ser79, a direct target of AMPK, and also showed a twofold increase in group P vs. group C (P Ͻ 0.01). AKT, a negative regulator of AMPK activity in the heart (26), phosphorylated at Ser473, showed a fourfold increase in group P vs. group C (P Ͻ 0.05 total AMPK and AKT relative to total protein was also significantly greater in group P, graphs not shown). PDH catalyzes the decarboxylation of pyruvate to acetyl-CoA and showed a decreasing trend in group P compared with group C for phosphorylation at Ser 293; however, significance was not achieved (P ϭ 0.07). mTOR functions as an ATP and amino acid sensor and plays numerous roles in protein synthesis. Examination of mTOR observed a significant decrease in group P compared with group C (P Ͻ 0.01). Of interest is that no change in fractional protein synthesis was observed although free leucine enrichment increased, suggesting that the enrichment is insufficient to counter the attenuation of mTOR phosphorylation.
O-GlcNAcylation
O-GlcNAcylation is a posttranslational modification shown to alter protein activity in response to cellular stimuli. On the basis of the increase in glucose concentration detected by 1 H-NMR and its use as a substrate in O-GlcNAcylation, O-GlcNAc levels were examined. Whole-cell O-GlcNAc levels were assessed and found to be significantly increased in group P compared with group C (P Ͻ 0.01) (Fig. 11) .
DISCUSSION
ECMO produces physiological conditions that generally relieve cardiac workload but support systemic circulation. The overall influence of ECMO on cardiac remodeling still remains unclear. Unloading through ventricular assist devices (VAD) in adults appears to induce regression of hypertrophy associated with induction of fetal gene program and shifts in metabolic signaling (1, 14) . However, ECMO remains unique and differs from ventricular assist in many aspects, including the goal of therapy. Whereas VAD usually serves as a bridge to transplant, ECMO at least for newborn and infant cardiac conditions commonly serves as a bridge to recovery. Nevertheless, several investigators have noted that some patients under VAD may eventually improve and achieve weaning. Thus it is imperative to clearly define processes that will control myocardial signaling and adaptation during ventricular unloading by mechanical circulation, whether by ECMO or VAD.
Nutritional regulation of these metabolic processes represents one such adaptive strategy, which previously has not been vigorously pursued in appropriate animal models. In the present study, we sought to determine whether nutritional supplementation with pyruvate could significantly alter metabolic signaling during these unique but clinically relevant conditions. First, we determined that pyruvate, presumably through mass-action kinetics, redirected pyruvate through several reactions. These include PC reactions, resulting in accumulation of CAC intermediates, lactate dehydrogenase producing lactate, and pyruvate transamination producing alanine. Prior studies have evaluated pyruvate partitioning between oxidation and anaplerosis but were not directed toward investigating pyruvate as a nutritional supplement (41) . Those investigations used fairly brief equilibration periods for pyruvate infusions, as opposed to several hours as performed in our experiments. Accordingly, the investigators did not observe the substantial increases in tissue pyruvate and lactate concentration, which were achieved in our experiments, although steadystate pyruvate serum concentrations were similar. Thus the present study shows that, over several hours, steady influx of pyruvate promotes kinetics, which results in substantial accumulation of all the CAC intermediates. Our kinetic data from both GC-MS and NMR demonstrate that this accumulation likely occurs through PC, as no increase in PDC/CIT occurs. The specific influence on PC may relate to K m differences between enzymes regulating this anaplerosis and pyruvate dehydrogenase complex (25, 41) .
There is close integration between the CAC intermediates and amino acids via oxidative and anaplerotic pathways. Utilization of 13 C-labeled leucine to study the relationship between amino acid oxidation and protein synthesis has been previously detailed. Some experimental models, predominantly in vitro, use labeled phenylalanine to estimate fractional protein synthesis, as leucine can stimulate its own corporation into protein. However, several studies show that even longterm or repeated dosing with leucine does not stimulate protein synthesis in porcine heart in vivo (2, 10, 53) . Furthermore, preliminary studies in our laboratory showed no significant differences between estimated fractional protein synthesis values in porcine heart in vivo provided by infusion of 13 Clabeled phenylalanine and 13 C-labeled leucine. In following, our observed alterations in concentrations of these intermediates did not alter fractional contribution of acetyl-CoA by leucine, our surrogate amino acid, to the CAC. Furthermore, we did not observe changes in fractional protein synthesis although leucine entry into the cell, estimated by mildly increased leucine MPE, did increase. Thus our expansion of the CAC intermediate pool occurred without substantial effect on amino acid oxidation or incorporation into protein. Glycogen (μg/ml) Fig. 9 . Glycogen levels in left ventricular tissue. No significant change was observed between group C and group P.
Okere et al. (37) showed that expansion of the CAC intermediate pool with substrate supplementation does not necessarily improve cardiac function. However, in our study, accumulation of these metabolites occurs in conjunction with alterations in upstream metabolic signaling, suggesting operation of a feedback system. Signaling pathways coordinate enzyme activity of molecules controlling various aspects of substrate utilization; therefore, we assessed phosphorylation, a surrogate for activity of these key signaling proteins involved in metabolic regulation, which might be influenced by pyruvate supplementation in our experimental model. The AMPK is a serine-threonine kinase, which regulates cellular metabolism, senses the cellular energy status, and promotes ATP-generating pathways, such as glycolysis and fatty acid oxidation. AMPK activation enhances mitochondrial fatty acid uptake via carnitine palmitoyltransferase-1 (CPT-1) by the inhibitory phosphorylation of ACC. The inactivation of ACC results in downregulation of the malonyl CoA, a potent inhibitor of CPT-1, thereby allowing for an increase in fatty acyl-Co A transport into the mitochondria for ␤-oxidation (8, 9) . Group P showed an increase in AMPK activation along with the reciprocal increase in deactivation of ACC, which suggests that pyruvate supplementation shifts oxidative substrate preference toward fatty acid oxidation, as opposed to pyruvate. This suggestion is further supported by our data showing an increase in free fatty acid uptake during pyruvate infusion. Of course, we recognize that uptake may not correspond with oxidation of the free fatty acids. AMPK activation has also been shown to enhance translocation of GLUT4, a glucose transporter, to the sarcolemmal membrane (52) and the synthesis of pyruvate through glycolysis via the phosphorylation of phosphofructokinase 2 (35) . GLUT4 translocation is also regulated by activation of AKT (24, 47) , and in our study we observed an increase in AKT activation in the pyruvate group. AKT and AMPK phosphorylate the same substrate, AS160/TBC1D1, which leads to an increase in GLUT4 trafficking (45) . We attempted to ascertain GLUT4 changes in this study; however, trials with two different GLUT4 antibodies yielded no usable data, most likely because of antibody cross-species incompatibility. We did note increased cytosolic glucose in pyruvate-supplemented hearts, suggesting that the increase in pyruvate either signals for increased glucose transmembrane transport as suggested by our observed changes in AMPK and AKT activation or decreased glycolysis.
Regardless of the precise mechanism, the glucose accumulation prompted us to further evaluate another nutrient-sensitive pathway involved in metabolic regulation. For this we examined the HBP, which shunts glucose toward synthesis of UDP-GlcNAc. O-GlcNAc transferase (OGT) uses UDPGlcNAc as the monosaccharide donor to attach O-GlcNAc to target proteins as a posttranslational modification. OGT is highly sensitive to UDP-GlcNAc levels, making overall OGlcNAc levels responsive to changes in HBP flux (27) . The HBP demonstrates exquisite nutrient sensitivity, specifically responding to intracellular glucose concentration and/or transport rate. The hearts supplemented with pyruvate and displaying increased free intracellular glucose also demonstrated elevated levels of O-GlcNAcylated proteins by standard immunoblot methodology.
Another metabolite also implicated in regulation of HBP is glucosamine, which promoted flux through the HBP in isolated perfused rat heart (28). However, HBP modification by pyruvate has not been previously recognized. Like AMPK, final products of HBP have been shown to induce fatty acid oxidation (28, 33) . The observed induction of fatty acid oxidation by glucosamine may relate to O-GlcNAc modification of the FAT/CD36 and, in particular, the membrane fraction of this transporter (28) . Although employed by many investigators, the immunoblot method used to determine global O-GlcNAcylation does not identify specific protein targets. Thus further studies are required to identify proteins that undergo pyruvaterelated modifications in HBP flux. Furthermore, it remains unclear whether an increase in protein O-GlcNAcylation represents a benefit or disadvantage in this model. O-GlcNAcylation is an intrinsic mechanism for cellular adaptation to acute stressful stimuli that is common across multiple cell types and to various adverse stimuli (4, 5, 51, 54) . In the heart, acutely augmenting O-GlcNAc levels during ex vivo or in vivo ischemia is cardioprotective and improves functional recovery (4, 13, 21, 29 -32, 36) . Paradoxically, chronic elevation in OGlcNAcylation yields cardiac dysfunction in certain animal models exposed to more prolonged stress (6, 12, 17) . In particular, O-GlcNAcylation appears to cause dysfunction in a mouse model of diabetic cardiomyopathy (6, 12, 17) .
Interestingly, OGT, the enzyme that catalyzes the transfer of O-GlcNAc to proteins, is phosphorylated by AMPK (3). Additionally, inhibition of O-GlcNAc decreased glucose-deprivation-induced activation of AMPK. Therefore, the altered activity expression in AMPK and O-GlcNAcylation may indicate a potential cooperative regulatory mechanism mediated by substrate availability.
The observed increase of leucine enrichment in group P prompted us to assess expression and activity for mTOR. This is a multidomain protein interacting with multiple protein partners and affecting a myriad of cellular processes, including protein synthesis. At least in vitro and in cell culture, mTOR signaling is regulated by amino acids and cellular energy status (34, 44, 50) . Because protein synthesis requires a large amount of cellular energy, cross talk between AMPK and mTOR occurs. AMPK can modulate mTOR activation by its phosphorylation and activation of tuberous sclerosis complex 2, an inhibitor of mTOR (18) . Additionally, AMPK phosphorylates Raptor, a binding partner of mTOR, resulting in the repression of mTOR activity (15) . Conversely, amino acids upregulate mTOR, with leucine as the most effective stimulator (20) . However, under the conditions used for group P, we observed a significant decrease in mTOR phosphorylation. This in conjunction with no change in fractional protein synthesis, even in the presence of a final infusion of leucine in the last hour of ECMO, suggests that increased leucine could not counter the deactivation of mTOR.
In conclusion, this study shows that pyruvate mediates several important processes in the heart, which may hold clinical relevance. Although prolonged pyruvate infusion does not activate oxidation via pyruvate dehydrogenase, it does appear to direct pyruvate toward other metabolic pathways. These include anaplerosis via PC, transamination to alanine, and reduction to lactate. Additionally, the results suggest that pyruvate activates fatty acid oxidation and redirects glucose to the HBP without a detriment to protein synthesis. The resulting increase in protein O-GlcNAcylation has potentially ubiquitous effects on numerous proteins including transcriptional factors. These modifications may be important for successful myocardial adaptation and successful weaning from the ECMO circuit following prolonged ventricular unloading. These experiments represent an initial phase of a continuing process to develop metabolic strategies for the unloaded heart during ECMO. In the present study, we did not evaluate the impact of these metabolic shifts and signaling patterns on cardiac function after weaning. Future studies will need to be performed that will specifically evaluate the functional impact of these processes on the heart during weaning.
There are some limitations of this study. Our 13 C substratelabeling pattern was directed at pyruvate and leucine metabolism and precluded simultaneous measurement of fatty acid contribution. Thus, although we identified mechanisms involved in the activation of the fatty acid oxidation pathway, we were not able to confirm an actual increase in relative fatty acid flux. Additionally, we performed these experiments under conditions emulating ventricular unloading during ECMO. Thus we could not evaluate the cardiac functional significance of these metabolic perturbations. Such experiments are planned for the future.
